
TECHNICAL FIELD 

This invention relates to new process designs refemng to permeable factor 8 so 
called permreactors or membrane reactors) and to consecutive separators, including 
membraTtype permeators, for conducting mainly the hydrocarbon steam ing 
dioxide reforming, combined hydrocarbon steam and carbon dioxid 
reforming alcohol steam reforming, water gas shift, paraffin dehydrogenation, methano 
syrrthesis methane oxidation, and combination of these carbon fuel conversion reaction 
fete ^ Eduction of valuable upgraded fuels and chemicals. The invention also 
to the utilization of the end reaction products such as pure hydrogen and synthesis ga^ 

h^ogen a^d carbon monoxide, hydrogen and carbon dioxide mixtures), an I mixture 
of these into specific applications such as consecutive fuel cells, gas turbines, gas 
engines ^thesis reactors by application of uniquely presented process 
configurations. 



BACKGROUND OF THE INVENTION 

The current invention describes new and improved processes which involve 
permeable reactors (permreactors, membrane reactors) and downstream separators 
Sing permeatorsT for the hydrocarbon-steam reforming hydrocarbon-carbon 
dToxide reforming, combined hydrocarbon steam and carbon dioxide reforming akoho 
steaT retaing the water gas shift reaction, dehydrogenation reactions of alkanes 
SSS^^ hydrogenation reactions of alker.es to alkanes and a dehydes, 
ketones to alcohols, methane oxidation, and combination of these previous reactions. 

The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and are listed below: 

CH4 + H 2 0 = CO + 3H 2 (AH° 298 =206. lkJ/mol), methane-steam reforming (1) 
CH 4 + C0 2 = 2CO + 2H 2 (AH° 298 =247.3kJ/mol), methane-C0 2 reforming (2) 
CO + H 2 0 = C0 2 + H 2 (AH° 298 =-41.15kJ/mol), water gas shift (3) 

r 14 =r H, + H, (endothermic dehydrogenation reactions, heat of reaction 

CnH2n+2 ^ 2 lanes depending on the type of feedstock (alkane) 

processed in the reactor, e.g., ethane, propane, butane, 
pentane) ^ ' 

CO + 2H 2 = CH3OH (AH° 298 =-128.2kJ/mol), methanol synthesis (5) 

C0 2 + 3H 2 = CH3OH + H 2 0 (AH° 298 =-49.5kJ/mol), methanol synthesis (6) 

CH3OH + H 2 0 = C0 2 + 3H 2 (AH° 298 = 49.5kJ/mol), methanol-steam reforming (7) 
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RCH 2 OH = RCOH + H 2 dehydrogenation of alcohols to aldehydes (8) 

RCHR'OH = RCOR' + H 2 dehydrogenation of alcohols to ketones (9) 

CH4 + l/202 _> CO + 2H2 (AH° 298 = -36.0kJ/mol) partial oxidation of methane (10) 

Hydrogenation reactions of alkenes to alkanes, aldehydes to alcohols, and ketones 
to alcohols are the opposite of reactions (4), (8) and (9) respectively. 

The aforementioned are catalytic reactions utilizing catalysts such as nickel (Ni) 

additional advantages and continuing applications and utilizations of the proposed 
processes^ e§ elaborate Qn the substitutio n of the 

a :>^inv F rt Jl rc \ ic t hf> lack of selective separation for the target 

^(SSffi^— ^^^^ 
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^ and ^J^ES££2 SrSTiiS t 

memb ' m e ltrtX™-«ors are designed to consist of interconnected parts which 

opting variables such as reaction '™' p *™"^ Oliver finaf products (such as 
consecutive apphcattons ™ tove also economic advantages. 



membrane materials and manufacturing techniques for a specific V™™^™?™ 
and overall process is available with the current invented designs and will affect (reduce) 
the cost of the overall process operation. *«, QTMC tn 

Present invention also teaches the direct utilization of end product stream to 
consecutive synthesis reactors, fuel cells, gas turbines and gas engines Use of such low 
pollution enc^r systems with increased efficiency is of updated interest in utility, 
energy chemical, automobile and environmental companies. Present invention focuses 
on TnVeX and upgrading primary hydrocarbon feedstocks such as methane, natural 
^^^^fcedida sZ as naphtha, alcohol feedstocks such as methanol 
SLol and higher alcohols into higher calorific value hydrogen and carbon oxide 
miZes Also it focuses on converting secondary and waste hydrocarbon feedstocks 
"acSic natural gas, biomass gas, flue gas rich in C0 2 and CH. to same vahaaWe 
end products. Therefore, present invention describes environmentally benign processes 
which abate and upgrade at the same time, among other 

gases to valuable hydrogen, synthesis gas, hydrogen and carbon dioxide mixture. In situ 
conversion of carbon dioxide containing hydrocarbon mixtures to alternative fuels and 
chemicals, and the subsequent mitigation of the carbon dioxide negative atmospheric and 
terrestrial greenhouse effect is considered an additional benefit from the implementation 
of this invention. 



SUMMARY OF THE INVENTION 

The present invention discloses processes which consist of double wall permeable 
reactors (permreactors) and systems of such advanced reactors with consecu ively placed 
separators to perform specific process operations. These integrated chemical-mechanical 
systems offer operational advantages by conducting in-situ reactions, in comparison with 
sLle wall permeable reactors and conventional non-permeable reactors. Consequently 
different double wall permreactor processes are disclosed. These are used in cytolytic 
hydrocarbon and alcohol reforming, water gas shift, hydrocarbon and alcohol 
dehydrogenation and hydrogenation reactions. The first P™ ces * c ™.P n ^^ 
wall pemreactor which incorporates three concentric hollow cylindrical tubes with the 
two kmer ones to be made by permeable (permselective) metal, inorganic, carbon, 
P^lymTr or composite materials depending on the type of feedstocks i*ed, the reactions 
^reaction conditions occurring, and the desired composition of the ; finalexit — 
Heating tubes run through the most-inner cylinder which is also filled with the mam 
catalysf to conduct the appropriate reaction. Additional catalyst can be placed in the two 
outer annular spaces created between most-outer and next-inner and between next-inner 
and most-inner tubes. By varying the catalyst position and catalyst type this process can 
be applied to a number of different reactions. Similarly, the second process involves a 
double wall permreactor which consists of three concentric hollow cylindrical tubes with 
the two inner ones to be made by permeable (permselective) metal, inorganic, carbon 
polymer or composite materials and with the catalyst for the main reaction to be 
SLd in theannular space between the most-outer and ^^"jjjf^ 
tubes. Heating in this process is applied into the external side of the most-outer tube. By 
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applying catalyst at the different annular spaces created between ^ C0 ? C ^J^ 
Erocess can be applied to various reactions. The two processes differ in the heat and 
mals Ser profiles and distribution across the radial distance and along the axial 
ice Use of the described advanced permreactor processes offer significant 
menses in conversion of reactants and increases in yield and selectivity of products. 
"chLed v a improved mass and heat transfer, and improved Ireaction rates ; within 
the defined reactor (and catalyst) parts of the process as described above. Also, the effect 
oirtZZg products out of me defined reaction zones during the reaction increases tte 
re a rnt conversion and the yield to useful products by shifting the equilibrium of the 
SKSi to the product side. Further, use of the described permreactors allows 
Sterns of reactions to take place and be combined in the same module Synergetic 
!ffr7utLng products and/or reactants of these reactions to conduct improved 
^cesses in a coLcutive or/and parallel manner is also a result of this invention. 

Moreover this invention pertains to combined processes of the described 
permreactors with consecutive permeators for the further separation and 
the post-reaction gases exiting from the permreactors. Permeators afflte^ 
nolvmer membranes for the concomitant separation of hydrogen and carbon dioxide 
S^bTmetal inorganics and carbon membranes for the separation of hydrogen only^ 
Ce^Sii-i-lor systems are applied to combined hydrocarbon^ * a^ and 
carbon^ioxide refonmng, hydrocarbon-steam reforming ^ oc £^ 
reforming alcohol steam reforming, water gas shift, paraffin dehydrogenation 
hydS'on, aldehyde, ketone hydrogenation reactions and meth 
processes are capable to increase the reactant conversion and 
carbon monoxide and carbon dioxide. The separated hydrogen and carbon oxides can be 
Sed ZwXlnt chemical synthesis reactions and as fuel in fuel cells, gas turbines and 
Z engine The invention also includes hydrocarbon-C0 2 -steam reforming process 
wtich ^on ists of permreactors with cryogenic separators wherein the consecutive 
riyogen^c separators replace permeators, and a pure mixture of hydrogen an Icarbon 
mlnoxide are recovered as final products. Similar permreactors as described above are 
^t^ectod with solid oxide fuel cells for using the products hydro^n 
clon'monoxide and the unreacted steam as direct fuel in the 

the invention includes use of the disclosed permreactors in senes with methanol synthesis 
and methanol reforming reactors for final production of methanol, hydrogen and carbon 
dlde: for use as further synthesis gases or as fuels. Further, the ^^Ztll 
dehvdrogenation reaction in the middle annular space combined W1 th ™e hydrogen 
SSon radially in the reactor via the metal membrane and the reaction of hydrogen 
SaSdes or ketones in the adjacent sides of the reactor to yield alcohols, with he 
^ mSHTto be used also as catalyst. Also, similar dehydrogenation reaction in the 
^lleZZ space is combined with hydrogenation and hydrogen reduction reactions 
S^SiU such as a hydrocracking reaction of higher paraffins to yield lower 
imffin a^ olefin products in a beneficial manner. Finally, a methane oxidation proces 
?3££f which uses oxygen transporting membranes to deliver oxygen intoadjacem 
flowing methane streams for partial oxidation reactions which produce synthesis gas 
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(hydrogen and carbon monoxide). Detailed description of the invention are presented in 
the embodiments of the following Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fiel shows a view of a vertical cross section of a concentric double wall 
cylindrical permreactor with tubular type heaters located along the main catalyst zone 
consisting of an inner metal, non-porous or porous inorganic, or composite membrane 
tube and an outer membrane tube made by metal, non-porous inorgamc composite or 
high temperature organic membrane enclosed within a far-outer impermeable tube. 

Fig 2 shows a sectional view of the same permreactor as m Fig.l, including the 
three catalys't beds, the two cylindrical type inner and outer membrane tubes, and the 
inlet and outlet ports in each section of the permreactor. 

Fig 3 shows multiple double wall permreactors of those described in Fig. 1, but 
without the external impermeable tube, which are placed symmetrically ins.de a larger 
common metal tube, to create a multiple tube permreactor with a common external area 
for collecting final permeate hydrogen. 

Fig 4 shows a cross section of a similar concentric double wall permreactor, 
consisting of an outer impermeable tube, a next-inner membrane tube made by metal, 
no^rous or porous inorganic, or composite membrane, and a most-inner membrane 
tirade by metal, non-porous inorganic, composite or high temperature organic 

membrane. ^ ^ ^ permreactors of those described in Fig.4 which 

are placed symmetrically inside a larger stainless steel tube, to create a multiple tube 
permreactor with a common external heating area. 

In the Figures below, the permreactors are as those described in Fig.l and Fig. 4 

ab ° Ve Fig 6 shows a process which includes a catalytic permreactor and a consecutive 
permeator W optionally a system of two catalytic permreactors in series for hydrocarbon 
Si and C0 2 reforming or for hydrocarbon C0 2 reforming only. The reject from he 
Permeator stream containing non-permeate hydrocarbon and CO can be optionally fed 
into a consecutive catalytic steam reforming reactor. 

Fig 7 shows a similar process with this in Fig.6, m which the initial feedstock 
consists only of carbon monoxide (CO) and steam to undergo only *e water 8^ shift 
reaction in the first catalytic permreactor. The reject from the permeator, CO stream, can 
be recycled into the first permreactor or optionally fed into a consecutive water gas shift 

reactor. , „~ 

Fig 8 shows a process which includes a permreactor-permeator or a non- 
permeable reactor-permeator applied in the catalytic dehydrogenation of C r C 4 or higher 
alkane hydrocarbons; the permeate stream from the membrane permeator may consist ot 
hydrogen or olefin depending on the type of membrane used for the separation. In the 
case which hydrogen permeates through the membrane, the reject from the permeator 
olefin rich stream can be used for polyolefin production in a consecutive reactor. In case 
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of olefin separation through the permeator, the reject paraffin rich stream can be recycled 
into the first permreactor. 

Fig 9 shows a catalytic permreactor-permeator process for the hydrocarbon or 
alcohol stearn reforming reaction. The reject from the membrane permeator hydrocarbon 
and carbon monoxide stream can be recycled into the initial reformer or fed into a 
consecutive (second) steam reforming reactor. 

Fig 10 shows a system of a catalytic permreactor or non-permeable reactor 
process which combines a consecutive cryogenic separator for hydrocarbon steam and 
C0 2 reforming or for hydrocarbon C0 2 reforming only. The one liquified stream 
separated from the cryogenic separator, containing hydrocarbon, C0 2 and steam can be 
alternatively fed into the inlet of the initial reforming reactor. The gaseous stream from 

the separator contains H 2 and CO 

Fig 11 shows a process which includes a catalytic permreactor or non-permeab e 
reactor for hydrocarbon steam and C0 2 reforming or hydrocarbon C0 2 reforming only 
with complete conversion of hydrocarbon and C0 2 gases in the reactor to H 2 and CO, 
which product mixture is fed directly into a SOFC (solid oxide fuel cell) unit for 

electricity generation. u 

Fie 12 shows a process which includes a catalytic permreactor for hydrocarbon, 
steam, and C0 2 reforming or hydrocarbon CO, reforming only with a consecutive 
methanol synthesis reactor from hydrogen, CO and C0 2 or from hydrogen and CO only. 
Methanol from the second reactor can be used as fuel, synthesis chemical or as feed m 
methanol powered fuel cells. 

Fig 13 shows a process which comprises of a catalytic permreactor applied in 
the catalytic dehydrogenation of C,-C 4 or higher alkane hydrocarbons and takes place 
within the intermediate catalytic annular space. In the two adjacent tubes a hydrogenation 
reaction is taking place by using the hydrogen permeated via the membrane tubes. 
Instead of dehydrogenation reaction, steam or C0 2 reforming of hydrocarbons or water 
gas shift can take place to produce the permeate hydrogen. 

A similar process can be applied in same figure 13 for methane oxidation to 
synthesis gas. The oxidation catalyst is placed in the inner and outer tubes, and in the 
empty annular space within, oxygen or air is flowing continuously. The process uses solid 
oxide type membranes which allow oxygen ions to permeate through the membranes, 
inside the tubes and react with methane to form synthesis gas. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig 1 shows the top cross section of the double wall membrane reactor 
(permreactor) used in the process of steam and carbon dioxide reforming of 
hydrocarbons, steam reforming of alcohols, water gas shift and alkane dehydrogenation 
reactions. It consists of a concentric double membrane wall cylindrical assembly with 
tubular type heaters located within the catalyst, along the main catalyst zone An outer 
impermeable tube (7) nests the two permeable concentric tubes (1) and (2). Reacting 
feedstocks such as steam and hydrocarbons, C0 2 and hydrocarbons, steam, C0 2 and 
hydrocarbons, steam and alcohols, or alkanes such as ethane, propane, n-butane, i-butane, 
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pentane naphtha and higher paraffins, are fed within the mam catalyst zone (4) through 
Sal nle? fittings and react in the catalyst to produce hydrogen, carbon monoxide, 
carbon dioxide. Optionally, small volumetric quantities of hydrogen can be added into 
aoove feedstocks to prevent the deactivation of catalyst in the inlet of the reactor 
wherein propensity for hydrocarbon cracking into carbon is high in the absence of 
hydrogen TTe hydrocarbon reforming catalysts can be nickel, ruthemum, rhodmm, 
palladium, platinum, iridium enriched with earth type metals such as potassium, calcium 
magnesium! lanthanum, cerium, and supported on alumina, silica, titama, zircoma or 
othS inorganic oxides. For the water gas shift reaction the catalytic metals can be nickel 
iron coprir, zinc, chromium, cobalt enriched with similar earth metals and supported on 
similar metal oxides. The methanol reforming catalysts can be zinc, chromium, copper, 
iron nickel, ruthenium, rhodium, palladium supported on similar metal oxides. Finally 
he described permreactor is applied as well for alkane dehydrogenation reactions , an at 
becomes a catalytic dehydrogenator which utilizes platinum, chromium, palladium 
catalysts enriched with and supported on similar morgamc oxides 

Hydrogen is removed first along the inner membrane tube (2), wherein the 
membrane material can be a dense metal, a porous or non-porous inorganic, a porous or 
non-porous inorganic-metal, another porous or non-porous composite material. Carbon 
Zo^de carbon dioxide, steam, hydrocarbons, alcohols may also permeate ttaj£ 
first membrane (2) in a lesser degree than hydrogen if the membrane is ; made by a porous 
material An inert carrier gas such as argon, nitrogen, steam or a rmxture of these gases 
may alt flow along the permeate annulus, between tubes (2) and (1), through suitable 
inlet fittings to carry the permeate components at a fixed pressure. Permeate hydrogen is 
^te^Lvol v* permeation along the outer membrane tube (1), so that permeated 
stream contains pure hydrogen only, with pure hydrogen to be used in various 
applications including feed to synthesis reactors, gas turbines and engines, and fuel cells 
Outer membrane tube (1) can be made by a dense metal, non-porous 
composite membrane which allows only hydrogen to permeate through, and therefore 
purifies hydrogen from the permeating carbon oxides, steam and hydrocarbons, flowing 
in the annular zone between the two membrane tubes. . n . ^ 

Metal materials permeable to hydrogen for the membrane tubes (1) and (2), 
include palladium, vanadium, palladium alloys such as palladium-nickel pa^dium- 
silver palladium-zinc, palladium-chromium, palladium-copper, pal adiimi-tungsten and 
others Hydrogen permeable non-porous inorganic membranes include silicon carbide, 
silicon nitride, tungsten carbide, tungsten nitride, titanium carbide, titanium nitride 
tantalum carbide, tantalum nitride and others. Porous inorganic membranes include 
oxides of alumina, silica, titania, zirconia, various types of glass and others. Composite 
type membranes are made by deposition or fabrication of a metal into a porous inorganic 
substrate (support) to make it hydrogen permeable. Metal and metal alloys can be 
dented on porous inorganic or metal surfaces to make them hydrogen permeable. 
PaUadium and other metal deposited membranes can be fabricated by electrons plating 
electroplating, sputtering, chemical vapor deposition, physical vapor deposition ,and other 
applicable metal deposition or metallization techniques. Inorganic or morgamc-metal 
membrane materials can be deposited as well in porous inorganic or metal surfaces (e.g., 
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tubes) via various deposition techniques including incipient wetness, dip coating and sol 
gel methods. 

Organic polymer, composite, or copolymer membranes can be made by polymers 
such as polyimides, polycarbonates, polysulfones, polybenziimidazoles 
polyphosphazenes, polyamides, polystyrenes, polycaprolactams, parylenes, polyvinyl 
halides polyacetates, polysiloxanes and others in order to be permeable to hydrogen or to 
hydrogen and carbon dioxide. Finally, composites of the previous materials can be also 
made as hydrogen permeable membranes such as inorganic-metal, inorganic-organic, 
inorganic-metal-organic composites. Metal, metal alloy, non-porous inorganic, and types 
of composite membranes are highly selective to hydrogen, while porous inorganic, 
organic and some types of composite membranes are also selective to other species as 
well. The disclosed double wall permreactor process can utilize among the 
aforementioned materials to satisfy the consequent process requirements. 

The external space, created between the outer membrane tube (1) and the 
impermeable far outer shell (7), which receives the final permeate hydrogen, can be 
either empty, or may contain a selective catalyst (5) which converts the permeate 
hydrogen after its combination with another component flowing via this external space. 
Such a flowing (sweep) component can be an unsaturated hydrocarbon (e.g., alkenes, 
alkynes) for conversion to saturated hydrocarbons after combination with hydrogen, in an 
exothermic reaction. Flowing (sweep) component can be also carbon monoxide for direct 
production of methanol or hydrocarbons (through Fischer-Tropsch synthesis) after 
combination with permeate hydrogen in also exothermic type reactions. Flowing gas can 
be nitrogen for exothermic ammonia synthesis after its combination with the permeate 
hydrogen Other combination reactions of flowing compounds with permeate hydrogen 
can be these for reduction of aromatic hydrocarbons, also these for saturation of 
unsaturated alcohols, phenols, aldehydes, ketones, acids, these for reduction of alkyl and 
aryl halides and these for reduction of nitroalkanes and aromatic nitro compounds to 
corresponding primary amines. 

The heat generated by exothermic reactions in the external shell may be 
transferred into the inner catalytic reaction zone (1) via the radial direction, thus 
providing for part of the heat load necessary to drive the endothermic catalytic reactions 

therem Permeation of reaction products through the membrane tubes, especially this of 
hydrogen through the inner membrane tube (2), shifts the thermodynamic equilibrium 
conversion of reactant species into the product side and produces excess hydrogen and 
carbon oxides within the catalytic reaction zone (4). Outer membrane tube (1) thereby, 
serves as a final permeable medium for the recovery of highly pure hydrogen product for 
use in hydrogen utilization applications. Outer metal membrane tube (1) serves also as a 
separation medium for hydrogen out of the central annular zone between the two 
membrane tubes, so that the partial pressure of hydrogen lowers substantially along the 
annular zone, and thereby continuous driving force exists for permeation of hydrogen 
from the catalytic reaction zone (4) into the central annular zone (8). 

As an alternative to the invented process and design, for low operating gas 
reforming and dehydrogenation temperatures (e.g., between 200-400°C) and in the 
absence of steam as reactant, the inner membrane tube (2) can be made by porous 
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inorganic or porous inorgamc-metal materials and the outer membrane tube (1) can i be 
made by denYe high temperature organic materials (i.e., matenals having high glass 
transition temperate, Tg) which are permselective to both hydrogen and carbon 
dioxide. The last two gases permeate through the mner tube (2) and flow along . the 
central annular zone (8). The recovered mixture of H 2 and C0 2 can be used directly m 
chemical synthesis applications such as this of alternative methanol synthesis via the 
reaction CO,+3H 2 =CH 3 OH+H 2 0, and as direct feed in molten carbonate fuel cells via 
Z Tr^^crnLl reaction: H 2+ C0 2+ l/20 2 ~> H 2 0 + CO, Moreover mixtures 
of H 2 and C0 2 can be converted to CH4 or CO, if a special application requires, via the 
methanation or reverse water gas shift reactions respectively as shown below: 
C0 2 +4H 2 =CH4+2H 2 0, C0 2 +H 2 =CO+H 2 0 

The external (outer) membrane (1) serves also as a backup membrane medium in 
case the inner membrane (2) develops cracks or defects and its permeability to vancms 
gases increases. In this case, the outer membrane (1) will selectively = »^ate s^afic 
Les based on the selected membrane materials as described above. Moreover 
operational and maintenance service for replacing old or damaged membrane tubes and 
catalysts become easier with the proposed design, because the parts of the Pen™"*" 
are interconnected properly via top and bottom caps and can be ^-assembled and 
assembled accordingly. The top and bottom ends of the tubes are sealed with proper 
materials to prevent gas flow between the various compartments. 

An optional design of the permreactor may include an additional catalytic zone 
(8) which is created between the inner membrane tube (2) and the outer membrane tube 
(1) and can be used in various reactions and processes. 

Heating of the reformer or reactor is achieved via cylindrical tubes (6) arranged 
symmetrically around the axial reactor axis and operated in the gas combustion regime 
by flowing waste type hydrocarbons or hydrocarbon-hydrogen mixtures mixed with 
oxygen or air. Unreacted hydrocarbons, carbon monoxide, non-permeate hydrogen or any 
mTxrure of these species from the catalytic reformer outlets (4), (5), (8), can be recycled 
as well into the heating combustion tubes (6). In an alternative heating configuration a 
single cylindrical tube having the shape of a tube or a coil is located along the reactor 
axis in zone (4) and can be operated by using same quality of combusted gases, n a third 
alternative configuration the symmetrically located tubes in (4) can be replaced by 
cylindrical electric heaters, heating bars or coils. 

Fie 2 shows a lateral sectional view of the permreactor described in Fig.l. The 
embodiment'includes catalyst beds 4, 5 and 8 placed along the different tubular sections 
of the permreactor. The most inner tube bears inner membrane 2 while next inner ube 
bears outer membrane 1. The most inner tube includes tubular heating elements A6 along 
its axial length. Feedstock gases are entered into the permreactor via inlet ports Al and 
the product and reactant gases exit via outlet ports A3. Alternative safety outlets A5 are 
located in the outer shell to discharge excess pressure in case of a sudden increase. Top 
and bottom caps A2 and A4 close the inlet and outlet of the tubular permreactor system 
and seal properly the ends of the different tubes by means of proper fittings and seal 
materials to prevent unwanted gas flow or leak between the tubes. 
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Fig 3 shows multiple double wall permreactors of those described in Fig. 1 but 
without the 'far outer impermeable tube (7), which are placed symmetrically inside a 
tor impermeable tube (Al), to create a multiple tube reactor with a common external 
area for collecting final permeate hydrogen. The common external area may contain a 
catalyst (zone 5) wherein a catalytic reaction is conducted. 

Fig 4 shows the top cross sectional view of another developed double wall 
membrane reactor (permreactor) used in the process of steam and carbon dioxide 
Sowing of hydrocarbons, steam reforming of alcohols, water gas shift and alkane 
dtXenation reactions. Overall reactor process consists of a most outer hollow 
fmpermelble tube (outer shell) (1) which nests two more «~.^. 
tubes a next inner one (2) and a most-inner (3). Most outer cylinder (1) is made by 
mpenneable metal or alloy such as stainless steel. Next-inner membra* : tob e (2) * 
made by a dense metal or a metal alloy, a non-porous or porous inorgamc a non-porous 
or poroL inorganic-metal, or another non-porous or porous composite matenal which is 
permeable and selective to hydrogen. 

The derived concentric multitube assembly has proper inlet and outlet fittings for 
feeding the feedstocks and discharging the post-reaction species similar to those 
described in Fig. 1 and Fig.2 above. Inlet and outlet fittings are connected into the ends ^of 
the three different tubular cylinders similarly to those shown in Fig.2, to dehver and 
collect gases flowing through these spaces. Top and bottom caps are also used to seal the 
en* TJZ ^ overall reactor Before the caps are applied and tighten, the annular space 
berween the different cylinders is filled with the appropriate catalyst in pellet or particle 
fol to make the catalytic reaction zones (4), (5) and (8). ^^"f^ 
reforming water gas shift and dehydrogenation reactions. Catalysts used in these 
[Sns are same with those mentioned above in the descnption of embodiment of 

F,g l In steam, C0 2 reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and alkane dehydrogenation reactions hydrogen ^ ^^^^^ 
lateral membrane surface (2), with carbon monoxide, carbon dioxide steam 
hyLcarbons, alcohols to possibly also permeate through the same membrane surface m 
a Cesser degree than hydrogen depending on the type of the membrane matenal used. An 
Lert carneT gas such as argon, nitrogen, steam or a mixture of those gases, may flows 
annulus 8 be'tweentobes (2) and (3), through the inlet fittings, to carry 
Z permeate components at a specific pressure value. Permeate hydrogen is further 
removed through permeation along the lateral surface of most-i 
so that final permeate stream contains pure hydrogen only, with pure hydrogen to be used 
L tarlous subsequent applications including feed to synthesis reactors, gas turbines and 

^t£2££!!£ membrane tube (3) is made by a dense metal or metal alloy, non- 
norous inorganic or composite membrane which allows only hydrogen to permeate 
Lugh and therefore purifies the hydrogen from the permeating carbon oxides steam 
hydrocarbon and alcohol compounds, flowing in the central annular zone , (7) The 
membranes in tubes (2) and (3) can be made with similar manufacturing techniques as 
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, , • u A'martt n f via 1 The most-inner membrane tube can be either 

also exothermic type reactions Flowing (sweep) ^™ * ™° ^ combination 
ammonia synthesis after «*£ Ce^n tfToiTc hydrocarbons, 

the most-inner cylindrical bore, may be transterrea raoia _ r neccS sary to 

zone of me outer membrane cylinder, , tail > priding ^ *£^£L tubefp) 
drive the endothermic reactions in catalyst bed (4) wmcn 

^ '"permeation of hydrogen through firs, inner <^^™*£ £ 
mermodynamic equilibrium conversion of reactant species to the product side and 
produces excess hydrogen and ^n oxi^ucts^ ^ ^ for 
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mterconneeted tubes are sealed with proper matenals to prevent gas flow between the 
various compartments. „ mreact0I mav include an additional catalytic zone 

tube (31 1 and can to ^S^TS--1 heat provtsion (zone 6). 

The eSTrnfr^oS: regime T£S 

hydrocarbons or ^^^ZZtZ^^P^ « "* 
hydrocarbons, carbon monoxtde product, "orated with the catalyst zone 

of these post-reaction spec.es oormng ; «. of the ^°^ 0 "^^ on . heating i, (6 ) 

heaters or heating elements in contact with the outer tube. 

TH 5 shows multiple double wall permreactors of those described in 

sr »"s tsr: «on* foSn 1^— 

separated in permeate stream lb m special apP^anons 

or composite membrane ^ WXgft CO, 

permreactor may contain CO product 0 ^\^ omes stream 2 and ente rs into a heat 
hydrocarbons, and non-permeate H 2 . This stream Dec ° m * condensation and by the 
exchanger B, wherein the unreacted steam ,u ^J^^^^ or steam of 
heat exchanging process new steam is generated in ™ «E through streams 9 
stream 5. Stream 6, can provide steam in P^^J^^TL B l and 
and 10 18 respective^ in ^ Zl 2, the hot gas 

streams 1 and 12 which are fed directly into reactors A and E »^ me 
Steam from stream 6 is used i"^^^^ Ld of particles C (a 
initial steam content in reformer E. Stream 7, P^f s Jj"^ md t £ ough ^ ex it 
moisture adsorbent) to remove any non^^^ J 
stream 8 enters into membrane permeator D. Stream 8, contains proo 
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permeate H 2 product, unreal hydrocarbon £ g ™*%J~££2Z 
Led a. the opening temperature of ^—^^te actio, of a metal, non- 
i„ permeate stream 1 1 of penneator D, throu^. the atj stream 

porous inorganic, organtc ^or "^"^0^ hy^arbom and CO 
12, containing hydrocarbons (e.g., ^ CO and J from 

respectively, depending on the type of ,2 into reformer E, for 

penneator D, through stream 12 as reject stream_ Stream > ^ ^ ^ of 

-t-— ~S «r'H%, CO, ofH/and 
reactions (1), (2) and (J), ana oe convci re f on ner E. Steam in 

CO, only, depending on the :feed "•^"^ ^ exit stream 15 
reformer E is provided via stream 18 Unreacted ^ fon) wateI or 

by passing this stream through a heat exchange^ geSed sBam is fe0 int0 

steam of stream 16 and via streams 17 18 .and I valve fcU me g ^ 
the inlet of reformer E. Exit stream 19 contains H^C ' =• * p ftat js me 

traces of unreacted hydrocarbons, depending o th ^operating con* , 

refZer I wtr H ^Sn ^eaTe and the reject exit stream 19 consists of 

COmd Mo™»T 2 a^ y E are endothermic and Hue gas streams 3,4 aM 13 14 
Reformers A ana e ar h tera t0 drive parallel reactions (1), 

^d1^rc^eZ d T?r™rmers can operate at same or different 
temperature and pressure conditions. operating conditions, 

"""^ ffl ' + C0 ^SwgHWg). Also, the H 2 , CO, mixture can be used as direc 
S in mouef — H S. ^ generation via the overal! 

electrochemical reaction: 

pure hydrogen can be produced. Final H 2 product ^can ^oe _ eneratjon applications 

as drrect feed in fuel cells and gas turbines and engines for power W 
(e g., transport. ,,o„, ^^^^Z^^ 

andmodificauonsandcombtationsoffte^fuelcen^ ^ ^ 

nnsaturS^^^^ 
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in an exothemnc type -non Also, ^^^W 

methanol (as described above) or 8^ n * J^XJ^ BiB ^ for exothermic 

exothermic type reactions. Hydrogen f^^^. permeate hydrogen can 

primary amines. overcome the thermodynamic equilibrium 

limitations of hydrocarbon (CH4) and ^^"V D The calorific value of 

only, or of H 2 and C0 2 gases in permreactor A and P*^^ 1 ^ of tne reactant 

ft ° bta f d ^' C^and — — ^heat of reaction is stored m 

X^h^ (3) m 

Assuming lOQo/o ™~J^^^^ 
equilibrium in permreactor 2 mol of * no heat of combustion), 

of CC,(with no heat of combustion), and ^«^^ 5 ^ of H 2 (with heat of 
produce 3 mol of CO (with heat of combustion. 2 ^ k c a 0 and 2g% 

streams 7, 12, 19) as also described mFigs^ 5 abova actor D 

In an alternative design, permeator D by ac yi v & 

wherein the water gas shift reaction occurs if sa ^^^^ me mbranes to 
case permreactor D is made by ^"^Jf^^ P«™** D 

separate only hydrogen in permeate stream 1 JJ^^V led in the first reforming 

ss^-M ~ *£Sr«^ • — - - pure C02 

after condensation of the steam. 

fig ,, desenbes an — nt s^lar » the ^ desenbed in ^ 
S ^rrJT^W^ - conduct the water gas 

described in the embodiments of Fig.l, Hg.3, ng.», ^ » 
general case to be separated in !»"**"" » ™ at fons, if an or^nic, 
combined can be separated m permeate stream "^JV* /^rejected exit stream 
inorganic, or composite membrane ts u^ ■» 'J em (H 2 o(g)) and 

from the 1"^— Z S£ :,:„ 1 heat exchanger B, where,, the 
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in an attemative or co„,,„uous numner via use of valves B, ££*^£S 

steam in reactor E. Stream 7 passes tnrougn a oeu F g mt0 

remove any non-condensed traces of moisture st 
membrane permeator D Stream 8 —^^^5^ D. H 2 and C0 2 
unreacted CO gases ;anc ^J^^^S^^ * membrane in 
are removed in permeate stream y xmouff ■ F eatorthroU gh stream 10 which can be 
permeator D. Non permeating CO extfs from permeator -mm 

streams 16.13 and valve Fl >s ed g. conditions, tot is the 

CI"- «*— 12 - 13 of 

Lt reactors A and E are exothermic and no hea, input is neces*«y as ™ ft the 
previou! endothermic reformers descnbed ,n 

to preheated in temperature of permeable necessa^ 
the hea. content of streams ^J^J^X^k *e entire process 
heat content m the feed streams 4 and 13 fntenng ™ The two shift 

operates in an autotherm.c way ™* ^'^Sp^u^nSn, 
reactors can operate at same or different tem ^^™ tvith stream 9 to make a 

to start-up operation in permreactor A. 

Fig 8 is an embodiment of a system of caUlytic permreactor wift connive 
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preheating before fed i„,o the catalytic ^<^^£ 

tTLS^«'-^' A «*'■'» 

valve Al. Ine rejectee exn sucai r u prnmP c stream 2 and optionally 

£mT^ or s*am £ stream 5 to be used in steam reo, m „g 
application^ m Q ft , s removed in pen-rte stream 

and the hydrogen separation efficiency » permeator C By J*™^ in 

^ 5 Paraffin dehydrogenation reactions are endothermic, and reactor A receives heat 

be substituted by a non-permeaMe (e g, no. 
porous " Lt^aufdehydrogenator A. VaWe Al ?J™£%*%Z£ 
and all post-reaction gases exit from stream 2. Permeator C still operates witn 

^Tan^wpTocess, permeator C can employ a specific polymer-mettl or 

by polymers dispersed with metals such as copper (Cu), silver (Ag), zinc (tn), cnro 
(Cr), cobalt (Co), nickel (Ni). 
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Fia 9 is an embodiment which is related with those described in Figs.6 and 7, but 
with strel i o ^^onlThydrocarbon feedstocks such as methane or higher ataes such 

with catalyst particles to conduct the methane steam reforming ^™ ( 1 >T? ™ 

removS conctasation, and by 1he heat exchanging process new steamy 

%%£&Slm 8 from the water or steam of stream 7 Sw» ^8 = e ^am 
• a anH rp^rtnr F through streams 6 and 10,2U respectively, m <w 

- « vi^of valves B1.E1. Th steam ,n 8 aouires *e 
Sri hlaUoad from stream 2, the hot gas effluent from permeable 
Auste derived streams 6,10,20 can be mixed directly wtth streams 1 and 14 wh,ch are 

" ntr^m at "'s^ns ,0,20 and valve El u, prov.de me ,nit,al 
steam in warmer E. Stream 9 passes through a bed of particles (a moisture adsorben ) C 
to remove any non-condensed traces of moisture and through exit stream 1 1 enters into 
memZerermeator D. Stream 1 1 has been cooled in temperature of permeator D and 
contains CO CO, unreacted hydrocarbons, and non-permeate H 2 gas species. 

H, or both H, and CO* are removed via permeate stream 12 of permeator D, 
mrough the Elective action of a metal, non-porous inorganic, or^rga™ 
membrane Iton permeating stream 13 containing hydrocarbons (e g , CR,), CO and CU; 
Tr ™So°s P and CO respectively, depending on the type of ta m^ «* " 
permeator D, exits from permeator D, through *e s ^m 
stream 13 contains hydrocarbons and carbon monoxide (CO) it can be recycled via vaive 
dTL sS. 5 ""to firs, permeable reformer A for continue* 
conversion to main H 2 and CO, products. Alternatively, by use of yalve Dl, stream 3 

S£££5E£. * o in f*™ eatt ^ * e reject exit aream 

product CO and C0 2 . 
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Reformers A and E are endothermic and flue gas streams . 3 4 and 15 16 
respectively ^e used to provide the necessary heat content to drive parallel "M). 
^t^ocLplJn. The two reformers can operate at same or Afferent reacts 

^Tl" -former A under certain operating ^conditions, 

the prl:~ 2 is tin^CO. and non-permeate H 2 whicl icar. .be used Erectly in 
H 2 C0 2 applications described already in embodiment of Figs, land 4_ 

" If the overall process includes a second conventional reforme E ^ d the 
mtermediate permeator as shown in Fig.9, and final productis andCC, n exrt^eam 
21 this product can be used separately or it can be mixed with stream 12 to make a 
combed S I C0 2 stream to be used in similar applications^ Alternatively, CO. can 
retnTnsedTryogeLally from the binary mixture and pure hydrogen product can be 
nXed Final H, product can be used for chemical synthesis or as direct feed in fuel 
St gas Chines L engines for power generation applications (e.g., transportation, 

^frm ^e because the provided endothermic heat of reaction is stored m the 
^ Z i^Z^U released by using products as fuels or in chemical 

SyntheS Assuming 100% conversion of reactions (1) and (3), 1 mol of CH, (with heat of 
combustion^ 8 kcal) and 2 mol of H 2 0(g) (with no heat of combustion) generate 1 

n^ofS 

273 3 kcatt These values are at 25°C. This corresponds to about 28% increase m 
2££l^*e product gases. By providing external heat though fme. w. e gas 
™ m fc„ c tmn in the reformers or through internal stream recycling and with the descnoeo 
ZSe cC^™S, the eneS, requirement of the one reactor-one permeator or 
rC reactM-one Lrmeator cascades is fulfilled and these processes operate in a thermally 
ml^l m^noviding for an energy efficient des.gn. Endothermic heat car, be 
SSSr: refofe. A ^ H v^e c— of ex,, or recyc e ^nsfrom 
the reaction zone of reformers A and E (streams y, 
Figs. 1,2,3,4,5 above. 

Fig 10 is an embodiment of a steam and C0 2 hydrocarbon reforming process 
which includes a permeable reformer or a non-permeable reformer followed by a 

SS^^ ^ ° f C6rtain P° St - reaCtl ° n ^ 6X " " J a 

S of he reformer. In Kg. 10, stream 1 is introduced into catriytie vcnn^or A 

containing hydrocarbon feedstocks such as methane (CH,) mixed with steam and C0 2 fo 
conducing Simultaneously reactions (1), (2) and (3), or mixed with C0 2 only fo 
conSng reactions (1) L (2). Some hydrogen may be added into s*eam U wfcch > 
dually between 1-15% of the feed volume, to depress carbon formats from methane 
cracking especially in the inlet of permreactor A. 
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Catalytic permeable reformer A, is of any of the types described in embodiment 
f v i ?TI ST above with H 2 to be separated from the reformer, and exit in 
of Figs. 1,2,3,4, and 5 above wit^ i n 2 y> permreactor contains 

permeate stream lb via valve Al. Jhe rejected e« srr h £ ocarbon , and non- 

product CO C wherein the 

permeate H 2 . This becomes sot / exchanging process new steam is generated 

TeS: (h, (2) and (3). — - °« 

fheTJt eSser F is <Uy and contains H 2 and CO as main products with traces of 
tcSed hfSons aS'cO, depending on the operating temperature and pressure of 
thP rpfnrmerE and the composition of feed streams 9 and 1/. 

:;2^mt^^^^ 

?nS« ^^^Sto-Csch ^reactions for production of gasoline type 
o«h rn rpartant conversion through the removal of H 2 and H 2 and lu gases in 



20 



4 u • ct^ Qm ih and valve Al are eliminated and all product H 2 is 



B. 



complete aversion of ^"^ ^ The o^ng reactions are (1),(2),(3) 
the permeable reformer A, to H2 and CO P"*™™' "*° * _ describe d in 

or (,),(2) on,y f ^ ~ ^"eate stream 3 via 

embodiments of Figs. 1,3,4 and 5 above, witnn 2 iu . . c0 Md non . 

valve Al. The exiting from the P" 0 ^^ SSd ii. enters into a 

^"T? ^,^SOFCrS " 8 ™i f s!S 2 is directed in the anode of the 



In Anode: h 2 + O 2 -»>H 2 0 + 2e 
CO + O 2 -— -> C0 2 + 2e 



bypass stream 3b, to adjust the P-^" the endothelc hea, content 
M cell R Hue gas £ £^ stream of exit stream 2, as also 

^7^TZ^^^f ^ T S^s ex„ from 
strelm 2. Fuel cell B still operates in same function as described above. 

Fie 12 is a modified embodiment of the process described in Fig.6. It pertains to 
Hg.12, is a rnoumcu emu reformine reaction occurring in 

process describes the complete conversion of hydrocart»n^ > 

Lctants, in stteam , . £ ^^^^ISf SnL A, can be 

occumng reactions are(l),(2)X3)orClU^oniy_ 4 and 5 above, with H 2 to be 
any of the types described the permreactor, stream 

separated in permeate stream lb via valve Al. The ^exiting ; ™™ P* of 
2, containing only CO and non-permeating H 2 , OT ^~^^)cS C to remove 
unreacted steam, passes through heat ^exchanger E ^ "^^rf ^ ^d CO 
unreacted steam and result in an all dry stream ^^^^^ 2 mc dumol 
products (synthesis gas) enters into *e methanol s^esisre^ D, wne 

b°" c ^ ? a T lytlc « 

r^" be produced ^^^^5^^ 
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nam*. Methane, ftom stream 9 ear, be fed into a mettanol driven fuel cell fa 

^sasi- 'jr= issr jskss : 

Set a.l ptlcLtd un.Le.ed Teacup into the hea, exchanger B and nex, mto 

methanol reactor D. 

Fig 13 is a modified embodiment of the process described in Fig.4. It shows a 
to be made by metal, inorganic, or composite membranes to be used toi 

The^ne modified double membrane reactor structure can be applied to the 

required within because the reactions are exothermic. 
We claim: 

1 A process for conducting catalytic steam and CO, hydrocarbon reforming, steam- 
alcohol reforming, water gas shift, and dehydrogenation reactions for production and use 
of hydrogen and synthesis gas which includes: 

a far-outer impermeable hollow tubular cylinder which nests two more concentric 
permeable tubular cylinders, having the inner permeable one to be nested within the 
outer permeable cylinder, with the inner permeable cylinder to be filled with catalyst 
particles and include tubular type heaters located along the axis, with the catalyst in 
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